WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCX 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification ^ 

HoiM SAW, mo 



Al 



(11) International Publication Number: WO 97/48142 

(43) International PublicaUon Date: 18 December 1997 (18.12.97) 



(21) International Application Number: PCT/CA97/00396 

(22) International Filing Date: 4 June 1997 (04.06.97) 



(30) Priority Data: 
08/659,921 



7 June 1996 (07.06.96) 



US 



(71) Applicants (for all designated States except US): BALLARD 

POWER SYSTEMS INC. [CA/CA]; 9000 Glenlyon Park- 
way, Bumaby, British Columbia V5J 5J9 (CA). DAIMLER- 
BENZ AG [DE/DE]; Epplestrasse 225, D-7000 Stuttgart 80 
(DE). 

(72) Inventors; and 

(75) Inventors/Applicants (for US onlyji FLETCHER. Nicholas, 
J. [CA/CA]; 3464 Point Grey Road, Vancouver, British 
Columbia V6R 1A5 (CA). BOEHM, Gustav, A. [DE/DE]; 
Zur Forelle 34, D.88662 Ueberlingen (DE). POW, Eric. G. 
[CA/CA); 3283 Tnitch Street, Vancouver, British Columbia 
V6L 2T3 (CA). 

(74) Agent: DE KOCK, Elbic. R.; Russell Rcynekc, Suite 700, 
Two Bentall Centre. 555 Burrard Street, Vancouver, British 
Columbia V7X 1M8 (CA). 



(81) Designated Slates: AU, CA, GB, JP, US. European patent (AT, 
BE, CH, DE, DK, ES, FI, FR, GB, GR, IE. IT, LU. MC, 
NL, PT, SE). 



Published 

With international search report. 



(54) Title: METHOD AND APPARATUS FOR COMMENCING OPERATION OF A FUEL CELL ELECTRIC POWER GENERATION 
SYSTEM BELOW THE FREEZING TEMPERATURE OF WATER 



^ 




(57) Abstract 

A method and apparatus are provided for starting and operating an electric power generation system comprising an electrochemical 
fuel cell stack for supplying electric current to an external electrical circuit. The stack comprises at least one fuel cell comprising a membrane 
electrode assembly comprising an anode, a cathode, and a water permeable ion exchange membrane interposed between the anode and the 
cathode. A fuel stream and an oxidant stream are each flowable to the fuel cell. At least a portion of the membrane electrode assembly 
has a temperature below the freezing temperature of water. The supply of electric cuirent to the external circuit from the fuel cell stack is 
commenced such that the temperattire of the membrane electrode assembly exceeds the freezing tempeiature of water. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCX on the front pages of pamphlets publishing intcmatiwial applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Aimenla 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


SZ 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Bclgiuin 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Paso 


GR 


Greece 




Republk; of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BV 


Belaras 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexia> 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 




NO 


Norway 


ZW 


Zimbabwe 


CI 


C6tc d'lvoirc 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


U 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


VR 


Liberia 


SG 


Singapore 







wo 97/48142 



PCT/CA97/00396 



METHOD AND APPARATUS FOR COMMENCING OPERATION OF 
A FUEL CELL ELECTRIC POWER GENERATION SYSTEM 
BELOW THE FREEZING TEMPERATURE OF WATER 

Field Of The invention 

The present invention relates to 
electrochemical fuel cells- More particularly, 
the present invention relates to a method and 
5 apparatus for commencing operation of an 

electric power generation system which includes 
a fuel cell stack having a core temperature 
below the freezing temperature of water. 

Background Of The Invention 

10 Electrochemical fuel cells convert fuel and 

oxidant to electricity and reaction product. 
Solid polymer electrochemical fuel cells 
generally employ a membrane electrode assembly 
("MEA") which comprises an ion exchange membrane 
15 or solid polymer electrolyte disposed between 
two electrodes typically comprising a layer of 
porous, electrically conductive sheet material, 
such as carbon fiber paper or carbon cloth. The 
MEA contains a layer of catalyst, typically in 
20 the form of finely comminuted platinum, at each 
membrane /electrode interface to induce the 
desired electrochemical reaction. In operation 
the electrodes are electrically coupled to 
provide a circuit for conducting electrons 
25 between the electrodes through an external 
circuit. 

At the anode, the fuel stream moves through 
the porous anode substrate and is oxidized at 
the anode electrocatalyst layer. At the 
3 0 cathode, the oxidant stream moves through the 
porous cathode substrate and is reduced at the 
cathode electrocatalyst layer to form a reaction 
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product . 

In fuel cells employing hydrogen as the 
fuel and oxygen-containing air (or substantially 
pure oxygen) as the oxidant, the catalyzed 
5 reaction at the anode produces hydrogen cations 
(protons) from the fuel supply • The ion 
exchange membrane facilitates the migration of 
protons from the anode to the cathode. In 
addition to conducting protons, the membrane 

10 isolates the hydrogen-containing fuel stream 

from the oxygen-containing oxidant stream. At 
the cathode electrocatalyst layer, oxygen reacts 
with the protons that have crossed the membrane 
to form water as the reaction product- The 

15 anode and cathode reactions in hydrogen/ oxygen 

fuel cells are shown in the following equations: 

Anode reaction: 2H^ + 2g 

Cathode reaction: l/ZOj + 2H^ + 2e H2O 

In typical fuel cells, the MEA is disposed 
20 between two electrically conductive fluid flow 
field plates or separator plates. Fluid flow 
field plates have at least one flow passage 
formed in at least one of the major planar 
surfaces thereof. The flow passages direct the 
25 fuel and oxidant to the respective electrodes, 
namely, the anode on the fuel side and the 
cathode on the oxidant side. The fluid flow 
field plates act as current collectors, provide 
support for the electrodes, provide access 
3 0 channels for the fuel and oxidant to the 

respective anode and cathode surfaces, and 
provide channels for the removal of reaction 
products, such as water, formed during operation 
of the cell. Separator plates typically do not 



have flow passages formed in the surfaces 
thereof, but are used in combination with an 
adjacent layer of material which provides access 
passages for the fuel and oxidant to the 
respective anode and cathode electrocatalyst , 
and provides passages for the removal of 
reaction products. The preferred operating 
temperature range for solid polymer fuel cells 
is typically 50 - 120*C. 

Two or more fuel cells can be electrically 
connected together in series to increase the 
overall power output of the assembly. In series 
arrangements, one side of a given fluid flow 
field or separator plate can serve as an anode 
plate for one cell and the other side of the 
fluid flow field or separator plate can serve as 
the cathode plate for the adjacent cell. Such a 
multiple fuel cell arrangement is referred to as 
a fuel cell stack, and is usually held together 
in its assembled state by tie rods and end 
plates. The stack typically includes inlet 
ports and manifolds for directing the fluid fuel 
stream (such as substantially pure hydrogen, 
methanol reformate or natural gas reformate, or 
a methanol-containing stream in a direct 
methanol fuel cell) and the fluid oxidant stream 
(such as substantially pure oxygen, oxygen- 
containing air or oxygen in a carrier gas such 
as nitrogen) to the individual fuel cell 
reactant flow passages. The stack also commonly 
includes an inlet port and manifold for 
directing a coolant fluid stream, typically 
water, to interior passages within the stack to 
absorb heat generated by the fuel cell during 
operation. The stack also generally includes 
exhaust manifolds and outlet ports for expelling 
the depleted reactant streams, and the reaction 



products such as water, as well as an exhaust 
manifold and outlet port for the coolant stream 
exiting the stack. In a power generation system 
various fuel, oxidant and coolant conduits carry 
these fluid streams to and from the fuel cell 
stack . 

When an electrical load (comprising one or 
more load elements) is placed in an electrical 
circuit connecting the electrodes, the fuel and 
oxidant are consumed in direct proportion to the 
electrical current drawn by the load, which will 
vary with the ohmic resistance of the load. 

Solid polymer fuel cells generally employ 
perf luorosulf onic ion exchange membranes, such 
as those sold by DuPont under its NAFION trade 
designation and by Dow under the trade 
designation XUS 13204.10. When employing such 
membranes, the fuel and oxidant reactant streams 
are typically humidified before they are 
introduced to solid polymer fuel cells so as to 
facilitate proton transport through the ion 
exchange membrane and to avoid drying (and 
damaging) the membrane separating the anode and 
cathode of each cell. 

Each reactant stream exiting the fuel cell 
stack generally contains water. The outlet fuel 
stream from the anodes generally contains water 
added to humidify the stream plus any product 
water drawn across the membrane from the 
cathode. The outlet oxidant stream from the 
cathodes generally contains water added to 
humidify the stream plus product water formed at 
the cathode. 

In some fuel cell applications, such as, 
for example, motive applications, it may be 
necessary or desirable to commence operation of 
a solid polymer electrolyte fuel cell stack 
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having a core temperature below the freezing 
temperature of water. As used herein, the 
freezing temperature of water means the freezing 
temperature of free water, that is, 0°C at 1 
5 atmosphere* In this regard, it would be 
convenient and would simplify the system 
hardware if operation of the fuel cell stack 
could be commenced below the freezing 
temperature of water, without the need to first 
10 heat the fuel cell stack using an external 
source • 

Summary Of The Invention 

A method and apparatus for commencing 
operation of a fuel cell electric power 

15 generation system from below the freezing 

temperature of water are provided. Also, a 
method and apparatus for ceasing operation of a 
fuel cell electric power generation system and 
subsequently commencing operation of the system 

20 from below the freezing temperature of water are 
provided . 

In a method for commencing operation of a 
fuel cell electric power generation system from 
below the freezing temperature of water, an 

25 electric power generation system comprises a 
fuel cell stack connectable to an external 
electrical circuit for supplying electric 
current to the external circuit. The fuel cell 
stack comprises at least one fuel cell, the at 

30 least one fuel cell comprising a membrane 
electrode assembly comprising an anode, a 
cathode, and a water permeable ion exchange 
membrane interposed between the anode and the 
cathode, at least a portion of the membrane 

3 5 electrode assembly having a temperature below 
the freezing temperature of water. The system 
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further comprises a fuel reactant stream and an 
oxidant reactant stream, each of the reactant 
streams being flowable to the fuel cell stack • 
The method comprises the step of: 
5 supplying electric current from the 

fuel cell stack to the external circuit 
such that the temperature of the portion of 
the membrane electrode assembly exceeds the 
freezing temperature of water. 
10 In a preferred method, the step of 

supplying electric current from the fuel cell 
stack to the external circuit comprises 
decreasing the effective resistance of the 
circuit. The lower the effective resistance of 
15 the external circuit the greater the current 

supplied by the fuel cell stack. The effective 
resistance of the external circuit may be 
decreased, for example, by inclusion of one or 
more load elements connected in parallel in the 
20 circuit, or by varying the duty cycle of a 

pulse-width modulation device connected in the 
circuit. In one embodiment of the method, the 
effective resistance of the external circuit may 
be decreased so the fuel cell stack is 
25 effectively short circuited for a period of 

time. In general, any preferred current-time 
profile may be used, for example gradual or 
stepwise increases in the current supplied by 
the fuel cell stack, supplying current pulses, 
30 decreasing the current from the initial value, 
or supplying a fluctuating current. In a 
typical embodiment of the method, the step 
further comprises increasing the flow rate of at 
least one of the reactant streams. As the fuel 
35 cell stack supplies more current to the external 
circuit it consumes more reactants. Typically 
the flow rate of the reactant streams is 
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adjusted so that the flow rate is always 
sufficient to meet the current demanded by the 
external circuit, and the fuel cell is not 
"starved" of either of the reactants- In one 
5 embodiment, the external circuit comprises 

electrical heating means, such as a resistor, 
for heating at least a portion of the fuel cell 
stack, thus in a preferred method the fuel cell 
stack supplies electric current to electrical 
10 heating means for raising the operating 
temperature of the fuel cell stack. The 
electrical heating means may heat the stack 
directly or indirectly. In a further 
embodiment, a battery also supplies electric 
15 current to the electrical heating means. 

In another embodiment of the method, the 
power generation system further comprises a 
coolant fluid stream flowable in thermal contact 
with the fuel cell stack; the electrical heating 
20 means may be used to heat the coolant fluid 

stream, and thereby raise the temperature of the 
stack. The coolant fluid stream may be water or 
a liquid or solution which does not freeze at 
the freezing temperature of water. In further 
25 embodiments, the electrical heating means 
comprises at least one conduit formed from 
electrically conductive material, the at least 
one conduit carrying at least one of the 
reactant streams or preferably the coolant 
3 0 stream in the power generation system. Where 

the power generation system comprises a coolant 
fluid stream comprising water, and the stack 
comprises at least one passage for flowing the 
coolant stream, the at least one passage 
35 preferably has compliant means associated 

therewith for accommodating the expansion of 
freezing water within the at least one passage. 
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In a method of ceasing operation of a fuel 
cell electric power generation system and 
subsequently commencing operation of the system 
from below the freezing temperature of water, an 
5 electric power generation system comprises a 
fuel cell stack connectable to an external 
electrical circuit for supplying electric 
current to the external circuit. The stack 
comprises at least one fuel cell, the at least 

10 one fuel cell comprising a membrane electrode 
assembly comprising an anode, a cathode, and a 
water permeable ion exchange membrane interposed 
between the anode and the cathode. The system 
further comprises a fuel reactant stream and an 

15 oxidant reactant stream, each of the reactant 
streams being flowable to the fuel cell stack. 
The method comprises the sequential steps of: 

(a) interrupting the supply of electric 
current from the fuel cell stack to the external 

20 circuit; 

(b) reducing the temperature of at least a 
portion of the membrane electrode assembly to 
below the freezing temperature of water; 

(c) commencing the supply of electric 
25 current to the external circuit from the fuel 

cell stack, in which the temperature of at least 
a portion of the membrane electrode assembly is 
below the freezing temperature of water, such 
that the temperature of that portion exceeds the 

30 freezing temperature of water. 

In a preferred method, the step of 
interrupting the supply of electric current from 
the fuel cell stack to the external circuit 
comprises increasing the resistance of the 

35 circuit. In an embodiment of this step, the 

external electrical circuit is disconnected. in 
a typical embodiment of the method, the step 
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further comprises decreasing the flow rate of at 
least one of the reactant streams. 

Where the fuel cell stack further comprises 
a fuel reactant stream inlet, a fuel reactant 
5 stream outlet, a fuel reactant stream passage 

fluidly interconnecting the fuel reactant stream 
inlet and the fuel reactant stream outlet, an 
oxidant reactant stream inlet, an oxidant 
reactant stream outlet, and an oxidant reactant 

10 stream passage fluidly interconnecting the 

oxidant reactant stream inlet and the oxidant 
reactant stream outlet, the method preferably 
comprises an additional step between step (a) 
and step (b) . The additional step 

15 comprises purging water from at least one, and 
preferably both, of the reactant stream 
passages. Preferably water is purged from the 
at least one reactant passage by circulating a 
gas stream through the passage. 

20 Where the fuel cell stack further comprises 

a passage for flowing a coolant stream 
comprising water, the method preferably 
comprises an additional step between step (a) 
and step (b) . The additional step comprises 

25 purging water from the coolant stream passage. 
Preferably water is purged from the coolant 
passage by circulating a gas stream through the 
passage. 

A freeze tolerant fuel cell electric power 
3 0 generation system comprises a fuel cell stack 
connectable to an external electrical circuit 
for supplying electric current to the external 
circuit. The stack comprises at least one fuel 
cell, the at least one fuel cell comprising a 
35 membrane electrode assembly comprising an anode, 
a cathode, and a water permeable ion exchange 
membrane interposed between the anode and the 
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cathode. The stack further comprises at least 
one passage for flowing a coolant stream 
comprising water, the at least one coolant 
passage having compliant means associated 
5 therewith for accommodating the expansion of 

freezing water within the at least one coolant 
passage. A fuel reactant stream and an oxidant 
reactant stream, are each flowable to the fuel 
cell stack. Where the stack further comprises a 
10 fuel reactant stream inlet, a fuel reactant 

stream outlet, a fuel reactant stream passage 
fluidly interconnecting the fuel reactant stream 
inlet and the fuel reactant stream outlet, an 
oxidant reactant stream inlet, an oxidant 
15 reactant stream outlet, and an oxidant reactant 
stream passage fluidly interconnecting the 
oxidant reactant stream inlet and the oxidant 
reactant stream outlet, a freeze tolerant system 
preferably further comprises means for purging 
20 water from at least one of the reactant stream 
passages. For example, the purging means can 
comprise a pump for circulating a gas stream 
through the at least one reactant stream 
passage, or a pressurized purge gas supply 
25 system. 

Another freeze tolerant fuel cell electric 
power generation system comprises a fuel cell 
stack connectable to an external electrical 
circuit for supplying electric current to the 
30 external circuit. The stack comprises at least 
one fuel cell, the at least one fuel cell 
comprising a membrane electrode assembly 
comprising an anode, a cathode, and a water 
permeable ion exchange membrane interposed 
35 between the anode and the cathode. The system 
further comprises at least one conduit for 
flowing a fluid stream to the fuel cell stack, 



the conduit formed from electrically conductive 
material, wherein the external circuit comprises 
the conduit • In the system, preferably the 
fluid stream is a coolant stream • 

Brief Description Of The Dravincrs 

FIG. 1 is an exploded side view of a 
typical solid polymer electrochemical fuel cell 
with a membrane electrode assembly interposed 
between two fluid flow field plates. 

FIG. 2 is a perspective cut-away view of an 
electrochemical fuel cell stack. 

FIG. 3 is a schematic diagram of a fuel 
cell electric power generation system. 

FIG. 4 is a composite plot of fuel cell 
stack voltage versus time in minutes (plot A) 
and fuel cell stack core temperature versus time 
in minutes (plot B) for a 10-cell stack, 
operation of which was commenced after the stack 
had equilibrated at a core temperature of -11*C. 

FIG. 5 is a composite plot of fuel cell 
stack voltage versus time in minutes (plot C) 
and fuel cell stack core temperature versus time 
in minutes (plot D) for a 4-cell stack, 
operation of which was commenced at a core 
temperature of -19 '»C. 

FIG. 6 is a composite plot of fuel cell 
stack voltage versus time in minutes (plot E) 
and fuel cell stack core temperature versus time 
in minutes (plot F) for a 4-cell stack, 
operation of which was commenced at a core 
temperature of -23 

Detailed Description Of The Preferred 

laimtigii^ iittentS 

In the present method, the fuel and oxidant 
reactant gas streams are circulated within the 
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fuel cell stack and electric current is supplied 
by the stack, while the stack has a core 
temperature below the freezing temperature of 
water. As used herein, the core temperature of 
5 the stack is below the freezing temperature of 
water when at least a portion of the membrane 
adjacent the electrocatalyst , in a membrane 
electrode assembly of at least one of the fuel 
cells which make up the stack, has a temperature 

10 below the freezing temperature of water. 

In the method, when operation of the stack 
is commenced, heat generated by the exothermic 
fuel cell reaction and internal resistive 
heating caused by ohmic losses within the fuel 

15 cell stack contribute to raising the stack core 
temperature above the freezing temperature of 
water. 

In the present method the reactant 
passages, including the manifolds and individual 
20 fuel cell reactant flow passages, within the 

stack are preferably purged with an essentially 
dry gas stream before the temperature of the 
stack is decreased to below the freezing 
temperature of water. Preferably a gas which is 
25 not reactive in the fuel cell environment, such 
as nitrogen, is used. 

It has been found that the incorporation of 
compressible devices in the major water-carrying 
stack manifold headers accommodates the 
30 expansion of freezing water within the fuel cell 
stack. Suitable compressible devices include, 
for example, closed cell foam inserts, sealed 
tube-shaped flexible cushions containing a 
compressible fluid, or flexible inserts 
35 containing a fluid which is displaced (from the 
portion of insert located within the header) 
when the insert is compressed by freezing water. 
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In addition, a compliant stack compression 
mechanism, such as, for example, a spring 
mechanism or a pneumatic or hydraulic piston, 
also accommodates the expansion of freezing 
5 water in the fluid flow field plate channels, 
thereby preventing damage to the flow field 
plates and neighboring structures. 

FIG. 1 illustrates a typical fuel cell 10. 
Fuel cell 10 includes a membrane electrode 

10 assembly 12 interposed between anode flow field 
plate 14 and cathode flow field plate 16. 
Membrane electrode assembly 12 consists of an 
ion exchange membrane 20 interposed between two 
electrodes, namely, anode 21 and cathode 22. In 

15 conventional fuel cells, anode 21 and cathode 22 
comprise a substrate of porous electrically 
conductive sheet material 23 and 24, 
respectively, for example, carbon fiber paper or 
carbon cloth. Each substrate has a thin layer 

2 0 of electrocatalyst 2 5 and 26, respectively, 

disposed on one surface thereof at the interface 
with membrane 20 to render each electrode 
electrochemically active. 

As further shown in FIG. 1, anode flow 

2 5 field plate 14 has at least one fuel flow 

channel 14a engraved, milled or molded in its 
surface facing anode 21. Similarly, cathode 
separator plate 16 has at least one oxidant flow 
channel 16a engraved, milled or molded in its 

30 surface facing cathode 22. When assembled 

against the cooperating surfaces of electrodes 
21 and 22, channels 14a and 16a form the 
reactant flow field passages for the fuel and 
oxidant, respectively. The flow field plates 

35 are electrically conductive. 

Turning now to FIG. 2, a fuel cell stack 
100 includes a plurality of fuel cell 
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assemblies, a series of which is designated as 
111 in FIG, 2. Each of the fuel cell assemblies 
includes a membrane electrode assembly 112 
interposed between a pair of fluid flow field 
plates 114, 116. Fuel cell stack 100 also 
includes a first end plate 130 and a second end 
plate 140, 

Plate 130 includes fluid inlet ports 132, 
13 4, 13 6 for introducing fluid fuel, oxidant and 
coolant streams, respectively, to the stack. 
Plate 140 includes fluid outlet ports 142, 144, 
146 for exhausting fluid fuel, oxidant and 
coolant streams, respectively, from the stack. 
The fluid outlet ports are fluidly connected to 
the corresponding fluid inlet ports via passages 
within the stack. 

The fuel cell assemblies have a series of 
openings formed therein, which cooperate with 
corresponding openings in adjacent assemblies to 
form fluid manifolds 152, 154, 156, 162, 164, 
166 within the stack 100. A fuel stream 
entering the stack via fuel inlet port 132 is 
directed to the individual fuel flow field 
plates via manifold 152. After passing through 
the fuel flow field plate channels, the fuel 
stream is collected in manifold 162 and 
exhausted from the stack via fuel outlet port 
142- similarly, an oxidant stream entering the 
stack via oxidant inlet port 134 is directed to 
individual oxidant flow field plates via 
manifold 154. After passing through the oxidant 
flow field plate channels, the oxidant stream is 
collected in manifold 164 and exhausted from the 
stack via oxidant outlet port 144. A fluid 
coolant (typically water) introduced via coolant 
inlet port 136 is directed to coolant plate 
assemblies (not shown) in the stack 100 via 



manifold 156. The coolant: stream is collected 
in manifold 166 and exhausted from the stack via 
coolant outlet port 146. Coolant manifolds 156, 
166 may be fitted with compliant means (not 
shown) , such as tube cushions or inserts made of 
closed cell foam, to accommodate the expansion 
of freezing water. 

Tie rods 170 extend between end plates 13 0 
and 14 0 to compress and secure stack 100 in its 
assembled state with fastening nuts 172 disposed 
at opposite ends of each tie rod, and disc 
springs 174 interposed between the fastening 
nuts 172 and end plates 130, 140. 

FIG, 3 is a schematic diagram of a fuel 
cell electric power generation system 200 
comprising a fuel cell stack 210. The fuel cell 
stack 210 includes negative and positive bus 
plates 212, 214, respectively, to which an 
external circuit comprising a variable load 216 
is electrically connectable by closing switch 
218. The system includes a fuel (hydrogen) 
circuit, an oxidant (air) circuit, and a coolant 
water circuit. The reactant and coolant streams 
are circulated in the system in various conduits 
illustrated schematically in FIG. 3. 

A hydrogen supply 22 0 is connected to the 
stack 210, and the pressure is controlled by 
pressure regulator 221. Water in the hydrogen 
stream exiting the stack 210 is accumulated in a 
knock drum 222, which can be drained by opening 
valve 223. Unreacted hydrogen is recirculated 
to stack 210 by a pump 22 4 in recirculation loop 
225. An air supply 230 is connected to the 
stack 210, the pressure of which is controlled 
by pressure regulator 23 !• Water in the air 
stream exiting the stack 210 is accumulated in 
reservoir 232, which can be drained by opening 



valve 233, and the air stream is vented froin the 
system via valve 234 • 

In the coolant water loop 240, water is 
pumped from reservoir 23 2 and circulated through 
stack 210 by pump 241. The temperature of the 
water is adjusted in a heat exchanger 242. 

A purge system 2 50 is used to purge the 
hydrogen and oxidant passages in fuel cell stack 
210 with low humidity, non-reactive gas. Flow 
of gas (dry nitrogen) from a purge gas supply 
260 to the hydrogen and air inlet conduits 261, 
262 is controlled by valves 263, 264 and three- 
way valves 266, 267. The nitrogen pressure is 
controlled by pressure regulator 265. 

FIG. 4 is a composite plot of fuel cell 
stack voltage versus time in minutes (plot A) 
and fuel cell stack core temperature versus time 
in minutes (plot B) for a 10-cell stack to which 
the flow of fuel and oxidant was restored after 
the stack had equilibrated at a core temperature 
of -ll^C. 

The stack had been operating previously, 
and therefore the reactant flow passages 
contained moist gases. Before decreasing the 
stack core temperature below the freezing 
temperature of water, the reactant and coolant 
water passages within the stack were purged by 
circulating dry, compressed air through them. 
The stack core temperature was then lowered 
below the freezing temperature of water by 
exposing the stack to a surrounding environment 
with a temperature below the freezing 
temperature of water. For the purposes of the 
examples described herein, the stack was 
typically placed in an insulated chamber, with 
the fluid and electrical connections to the 
stack fitted through the chamber walls. Cold 
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nitrogen gas from a liquid nitrogen source was 
circulated through the chamber. The stack core 
temperature was measured using a thermocouple 
positioned in a thermally conductive plate 
5 located between two fuel cells in the center of 
the stack. Stack voltage, stack current and 
ambient temperature were also monitored. 

When circulation of hydrogen and air 
through the stack was commenced at a stack core 
10 temperature of -11*»C (at time = 0 minutes) , the 
open circuit voltage was normal. A load (360 
amp) was connected in the circuit after 
approximately three minutes, causing the stack 
core temperature to rise rapidly while the 
15 voltage decreased but recovered gradually. Once 
operation of the stack had commenced, the 
exothermic reaction of hydrogen and oxygen 
within the stack and the resistive heating due 
to internal ohmic losses caused the stack core 
20 temperature to rise. 

FIG. 5 is a composite plot of fuel cell 
stack voltage versus time in minutes (plot C) 
and fuel cell stack core temperature versus time 
in minutes (plot D) for a 4-cell stack, 
25 operation of which was commenced at a core 
temperature of -19 *C. 

Again, as the stack had been operating 
previously, before decreasing the stack core 
temperature to -19*'C, the reactant passages 
3 0 within the stack were purged by circulating dry, 
nitrogen. Coolant water remained in the coolant 
passages. Preferably the purge gas is an inert 
gas such as nitrogen, circulation of hydrogen 
and air was commenced with a load (50 amp) 
35 connected. Approximately 2 minutes transpired 
before the output current reached 50 amps. The 
load was increased to 260 amps once the stack 



reached about SCC, and the coolant pump was 
then activated. One cell in the stack was not 
operating properly; hence the lower than normal 
average cell voltages - 

FIG. 6 is a composite plot of fuel cell 
stack voltage versus time in minutes (plot E) 
and fuel cell stack core temperature versus time 
in minutes (plot F) for a 4-cell stack, 
operation of which was commenced at a core 
temperature of -23**C. The stack had been 
operated previously, but in this test the fuel 
and oxidant stream passages were not purged with 
dry gas before the stack was cooled, and the 
coolant passages contained water. The hydrogen 
stream did not begin to flow properly for about 
4 minutes, possibly because the hydrogen stream 
passages were occluded with water or ice. The 
open circuit voltage was normal. A 50 amp load 
was applied after 4 minutes, and the stack 
produced about 4 5 amps for a few seconds. The 
output current then declined to about 15 amps 
for about 8 minutes, possibly due to formation 
of ice from product water. After about 12 
minutes the stack core temperature was about O^C 
and the stack produced 50 amps steadily. After 
about 28 minutes (with the stack core 
temperature greater than 3 0«*C and coolant fluid 
circulating) , the load was increased to 250 
amps, and approximately 14 minutes transpired 
before the stack assumed this load. 

It has been found advantageous to increase 
the current demanded from the stack by the 
external circuit (i.e. decreasing the resistance 
of the external circuit) in a gradual or 
stepwise manner rather than commencing operation 
of the stack in a low resistance, high current 
circuit initially. For example, as the stack 
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provides the current demanded by the external 
circuit, the resistance of the circuit could be 
further decreased by another increment. In a 
control system, fuel cell voltages could be 
monitored, and the resistance of the external 
circuit could be decreased (and the current 
supplied by the stack increased) only when the 
cell voltages exceed a threshold value. 

Membrane electrolytes, such as DuPont's 
NAFION® and Dow's experimental membrane (trade 
designation XUS 13204.10), appear to be 
sufficiently ionically conductive even at 
temperatures of -20**C to permit the 
electrochemical reaction to occur within the 
fuel cells. 

While particular elements, embodiments and 
applications of the present invention have been 
shown and described, it will be understood, of 
course, that the invention is not limited 
thereto since modifications may be made by those 
skilled in the art, particularly in light of the 
foregoing teachings. It is therefore 
contemplated by the appended claims to cover 
such modifications as incorporate those features 
which come within the spirit and scope of the 
invention. 
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What is claimed is: 

1. A method of commencing operation of an 
electric power generation system comprising a 
fuel cell stack connectable to an external 
electrical circuit for supplying electric 
5 current to said external circuit, said stack 

comprising at least one fuel cell, said at least 
one fuel cell comprising a membrane electrode 
assembly comprising an anode, a cathode, and a 
water permeable ion exchange membrane interposed 
10 between said anode and said cathode, at least a 
portion of said membrane electrode assembly 
having a temperature below the freezing 
temperature of water, said system further 
comprising a fuel reactant stream and an oxidant 
15 reactant stream, each of said reactant streams 
being flowable to said fuel cell stack, the 
method comprising the step of: 

supplying electric current from said 
fuel cell stack to said external circuit 
20 such that said tempeirature of said at least 

a portion of said membrane electrode 
assembly exceeds the freezing temperature 
of water. 

2. The method of claim 1 wherein said step 
of supplying electric current to said external 
circuit comprises decreasing the resistance of 
said external circuit. 

3. The method of claim 2 wherein said step 
of supplying electric current to said external 
circuit further comprises increasing the flow 
rate of at least one of said reactant streams. 
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4 . The method of claim 1 wherein said 
external circuit comprises electrical means for 
heating at least a portion of said fuel cell 
stack. 

5. The method of claim 4 wherein said 
electrical heating means is a resistor, 

6. The method of claim 4 wherein said 
electrical heating means comprises at least one 
conduit formed from electrically conductive 
material, said at least one conduit carrying one 

5 of said reactant streams in said system. 

7. The method of claim 4 wherein said 
electric current is further supplied to said 
electrical heating means from a battery* 

8. The method of claim 1 wherein said 
system further comprises a coolant fluid stream 
being flowable in thermal contact with said fuel 
cell stack. 

9. The method of claim 8 wherein said 
external circuit comprises electrical means for 
heating said coolant fluid stream. 

10. The method of claim 9 wherein said 
electrical heating means is a resistor. 

11. The method of claim 9 wherein said 
electrical heating means comprises at least one 
conduit formed from electrically conductive 
material, said at least one conduit carrying 

5 said coolant fluid stream in said system. 

12. The method of claim 11 wherein said 
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electric current is further supplied to said 
electrical heating means from a battery. 

13. The method of claim 1 wherein said 
fuel cell stack further comprises at least one 
passage for flowing a coolant stream comprising 
water, said at least one coolant passage having 

5 compliant means associated therewith for 

accommodating the expansion of freezing water 
within said at least one coolant passage. 

14. The method of claim 1 wherein the 
resistance of said external circuit is decreased 
incrementally as the voltage of said at least 
one fuel cell exceeds successive predetermined 

5 values. 

15. A method of ceasing and commencing 
operation of an electric power generation system 
comprising a fuel cell stack connectable to an 
external electrical circuit for supplying 

5 electric current to said external circuit, said 
stack comprising at least one fuel cell, said at 
least one fuel cell comprising a membrane 
electrode assembly comprising an anode, a 
cathode, and a water permeable ion exchange 

10 membrane interposed between said anode and said 
cathode, said system further comprising a fuel 
reactant stream and an oxidant reactant stream, 
each of said reactant streams being flowable to 
said fuel cell stack, the method comprising the 

15 sequential steps of: 

(a) interrupting the supply of electric 
current from said fuel cell stack to said 
external circuit; 

(b) reducing the temperature of at least a 
20 portion of said membrane electrode assembly to 
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below the freezing temperature of water; 

(c) commencing the supply of electric 
current to said external circuit from said fuel 
cell stack, in which the temperature of said at 
25 least a portion of said membrane electrode 

assembly is below the freezing temperature of 
water, such that the temperature of said portion 
exceeds the freezing temperature of water. 

16. The method of claim 15 wherein step 
(a) comprises increasing the resistance of said 
external circuit • 

17. The method of claim 15 wherein step 
(a) comprises disconnecting said external 
circuit. 

18. The method of claim 16 wherein step 
(a) further comprises decreasing the flow rate 
of at least one of said reactant streams. 

19. The method of claim 15 wherein said 
fuel cell stack further comprises a fuel 
reactant stream inlet, a fuel reactant stream 
outlet, a fuel reactant stream passage fluidly 

5 interconnecting said fuel reactant stream inlet 
and said fuel reactant stream outlet, an oxidant 
reactant stream inlet, an oxidant reactant 
stream outlet, and an oxidant reactant stream 
passage fluidly interconnecting said oxidant 

10 reactant stream inlet and said oxidant reactant 
stream outlet, said method comprising an 
additional step between step (a) and step (b) , 
said additional step comprising: 

purging water from at least one of said 

15 reactant stream passages. 
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20. The method of claim 19 wherein water 
is purged from said at least one reactant stream 
passage by circulating a gas stream through said 
passage. 

21. The method of claim 15 wherein said 
fuel cell stack further comprises a passage for 
flowing a coolant stream comprising water, said 
method comprising an additional step between 

5 step (a) and step (b) , said additional step 
comprising: 

purging water from said coolant stream 
passage. 

22- The method of claim 21 wherein water 
is purged from said coolant stream passage by 
circulating a gas stream through said passage. 

23* A freeze tolerant fuel cell electric 
power generation system comprising: 

a fuel cell stack connectable to 
an external electrical circuit for 
5 supplying electric current to said 

external circuit, said stack 
comprising at least one fuel cell, 
said at least one fuel cell comprising 
a membrane electrode assembly 
10 comprising an anode^ a cathode, and a 

water permeable ion exchange membrane 
interposed between said anode and said 
cathode, said stack further comprising 
at least one passage for flowing a 
15 coolant stream comprising water, said 

at least one coolant passage having 
compliant means associated therewith 
for accommodating said expansion of 
freezing water within said at least 



one coolant, passage; and 

a fuel reactant stream and an 
oxidant reactant stream, each of said 
reactant streams being flowable to 
said fuel cell stack. 

24. The system of claim 23 wherein stack 
further compr i ses : 

a fuel reactant stream inlet, a 
fuel reactant stream outlet, a fuel 
reactant stream passage fluidly 
interconnecting said fuel reactant 
stream inlet and said fuel reactant 
stream outlet, an oxidant reactant 
stream inlet, an oxidant reactant 
stream outlet, and an oxidant reactant 
stream passage fluidly interconnecting 
said oxidant reactant stream inlet and 
said oxidant reactant stream outlet; 
and wherein said system further comprises: 

means for purging water from at 
least one of said reactant stream 
passages. 

25. The system of claim 24 wherein said 
water purging means comprises a pressurized 
system for circulating a gas stream through said 
at least one reactant stream passage. 

26. A freeze tolerant fuel cell electric 
power generation system comprising: 

a fuel cell stack connectable to 
an external electrical circuit for 
supplying electric current to said 
external circuit, said stack 
comprising at least one fuel cell, 
said at least one fuel cell comprising 
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a membrane electrode assembly 
10 comprising an anode, a cathode, and a 

water permeable ion exchange membrane 
interposed between said anode and said 
cathode ; 

at least one conduit for flowing 
15 a fluid stream to said fuel cell 

stack, said conduit formed from 
electrically conductive material, 
wherein said external circuit comprises said 
conduit • 



27. The system of claim 26 wherein said 
fluid stream is a coolant stream. 
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